Abstract Ponderosa pine (Pinus ponderosa) is among the most broadly distributed conifer species of western North America, where it possesses considerable ecological, esthetic, and commercial value. It exhibits complicated patterns of morphological and genetic variation, suggesting that it may be in the process of differentiating into distinct regional lineages. A robust analysis of genetic variation across the ponderosa pine complex is necessary to ensure the effectiveness of management and conservation efforts given the species' large distribution, the existence of many isolated disjunct populations, and the potential susceptibility of some populations to climate change and other threats. We used highly polymorphic nuclear microsatellite markers and isozyme markers from 3113 trees in 104 populations to assess genetic variation and structure across the geographic range of ponderosa pine. The results reveal pervasive inbreeding and patterns of genetic diversity consistent with the hypothesis that ponderosa existed in small, as-yet-undetected Pleistocene glacial refugia north of southern Arizona and New Mexico. The substructuring of genetic variation within the species complex was consistent with its division into two varieties, with genetic clusters within varieties generally associated with latitudinal zones. The analyses indicate widespread gene flow and/or recent common ancestry among genetic clusters within varieties, but not between varieties. Isolated disjunct populations had lower genetic variation by some measures and greater genetic differentiation than main-range populations. These results should be useful for decision-making and conservation planning related to this widespread and important species.
Introduction
Ponderosa pine (Pinus ponderosa Douglas ex Lawson) is among the most widely distributed conifers in western North America (Critchfield and Little 1966) , spanning approximately 20°of latitude, from southern Arizona and New Mexico to southern British Columbia, and 24°of longitude, from coastal California to central Nebraska (Little 1971; Farjon 1984) . It is a species with extensive ecological, esthetic, and commercial importance and is a component of many forest types in western North America south of the boreal forest (Oliver and Ryker 1990) . Ponderosa pine also exhibits conflicting geographic patterns of trait variation that, when combined with its nearly complete absence from the Pleistocene paleoecological record (Anderson 1989; Van Devender et al. 1987) , create confusion about its recent phylogeographic history and about the proper taxonomic treatment of subgroups within the species complex.
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Given that ponderosa pine exists in a broad variety of edaphic conditions occurring from sea level to 3050 m of elevation (Oliver and Ryker 1990) , its extensive geographic variation in several adaptive traits is not surprising. These traits include cold hardiness (Wells 1964; Read 1980; Rehfeldt 1993) , growth (Read 1980 (Read , 1983 Van Haverbeke 1986; Squillace and Silen 1962; Wells 1964; Wright et al. 1969; Rehfeldt 1990 Rehfeldt , 1991 Rehfeldt , 1993 , needle and cone morphology (Weidman 1939; Haller 1965; Read 1980; Squillace and Silen 1962; Wells 1964; La Farge 1975; Rehfeldt 1999a; Rehfeldt et al. 1996) , disease resistance (Hoff 1988) , and monoterpene composition (Smith 1977; Smith et al. 1969; Sturgeon 1979) . Patterns of variation in these traits, which often conflict with each other, indicate that ponderosa pine encompasses a complex group of evolutionary units (Moritz 1994 ) that may be in the process of differentiating into multiple species (Wang 1977; Jaramillo-Correa et al. 2009 ) or, at least, into distinct regional lineages (Potter et al. 2013 ).
The species is often described as consisting of two varieties (Little 1979) : P. ponderosa var. ponderosa Laws. (Pacific ponderosa pine), which exists from southern California to British Columbia and inland to Idaho and Montana; and P. ponderosa var. scopulorum Engelm. (Rocky Mountain ponderosa pine), which exists in the interior Rocky Mountains. Some taxonomists have further subdivided these two varieties in response to finer-scale morphological variation, with taxonomic treatments that are often in conflict (Conkle and Critchfield 1988; Callaham 2013a, b) . Taxonomic confusion in the ponderosa pine complex has not been resolved by protein marker and monoterpene studies, which have generated contradictory results. Genetic distances based on allozyme allele frequencies, for example, indicated close genetic relationships among populations in var. ponderosa and var. scopulorum (Niebling and Conkle 1990; Conkle and Critchfield 1988) , while xylem resin monoterpene characteristics were similar between races across the two varieties (Smith 1977) but differed between races of the Pacific variety (Smith 1977; Sturgeon 1979) . Studies using molecular data arguably have been more informative. A recent study using chloroplast simple sequence repeat (cpSSR) loci found support for the existence of three operational taxonomic units (OTUs) within the Pacific variety and two OTUs within the Rocky Mountain variety (Wofford et al. 2014 ). An analysis of a mitochondrial DNA intron minisatellite region, meanwhile, detected ten distinct haplotypes geographically structured in a way corresponding with the division between the Pacific and Rocky Mountain varieties, but otherwise indicating a complex phylogeographic history not revealed by other genetic and morphological data or by the sparse paleoecological record (Potter et al. 2013 ).
While such deep-time analyses are important, we need a better understanding of the effects of more recent events and processes shaping the genetic structure and variation of ponderosa pine given the complexity of the topography and climate of western North America. Specifically, the modern distributions of temperate species like ponderosa pine, and the patterns of evolutionary relationships and genetic diversity within them, have been forged in large part by the periodic glacial episodes of the late Quaternary period, during which ice sheets advanced and retreated on an approximately 40, 000-year cycle (Hewitt 2000) . Many species weathered the periods of ice sheet advancement in lower-latitude refugia (Provan and Bennett 2008; Hewitt 2000) , with spread in subsequent periods of rapid climate change from those refugia (Lascoux et al. 2004; McLachlan et al. 2005; Pearson 2006) . A better understanding of these biogeographic processes in ponderosa pine should inform appropriate taxonomic treatments of subgroups within the species complex. Species range-wide analyses using polymorphic, codominant nuclear markers such as microsatellites (e.g., Dvorak et al. 2009; Potter et al. 2012; Boys et al. 2005 ) and allozymes (e.g., Gibson and Hamrick 1991; Jorgensen and Hamrick 1997; Schmidtling and Hipkins 1998) can be used for the inference of locations of glacial refugia for tree species and of hypothesized routes of post-Pleistocene colonization (e.g., Potter et al. 2012; O'Connell et al. 2008; Heuertz et al. 2004) . Such phylogeographic studies using molecular markers typically examine (1) whether distinct lineages exhibit spatial structuring associated with putative refugial areas and colonization routes (Hewitt 1996) , because isolation within distinct refugia is expected to result in genetic differentiation and drift (Provan and Bennett 2008) , and (2) whether populations currently nearer to putative refugial areas encompass greater genetic diversity than those colonized from the refugia (Comes and Kadereit 1998; Taberlet et al. 1998) .
A robust analysis of genetic structure and diversity across the ponderosa pine complex is particularly important to ensure the effectiveness of existing ex situ and in situ conservation efforts given the species' large natural distribution, the existence of many isolated disjunct populations (Little 1971 ) that may possess unique adaptive characteristics and may be at particular risk of genetic degradation (Slatkin 1987; Jaramillo-Correa et al. 2009) , and the fact that portions of the range may be susceptible to climate change (Rehfeldt et al. 2006) . It may, in fact, be necessary to prioritize ponderosa pine populations for conservation actions, including seed archiving and silvicultural treatments, because of the potential effects of climate change; bark beetle outbreaks across western North America (Chapman et al. 2012; Meddens et al. 2012) , which have been exacerbated by warmer climate conditions (Mitton and Ferrenberg 2012) ; and changing fire regimes (Whitlock et al. 2003; Littell et al. 2009 ). In this context, the effective and efficient conservation of ponderosa pine genetic diversity will require better understanding of range-wide population genetic structure as well as the distribution of genetic variation within and among populations, the occurrence of rare alleles, and the levels of inbreeding (Eriksson et al. 1993) .
We used seven highly polymorphic nuclear microsatellite markers and 19 isozyme markers to assess genetic variation and structure across the geographic range of ponderosa pine. We collected and processed samples from 3113 trees from 104 populations with three objectives: (1) to assess regional patterns in genetic variation to better understand the recent phylogeographic history of the species, (2) to evaluate the genetic variation within isolated disjunct populations, and (3) to assess whether patterns of genetic variation are consistent with current varietal and racial designations within the species. The results of these analyses should be useful for the management and conservation of this widespread and important species in the face of climate change and other threats such as increased insect and disease outbreaks and changing fire regimes.
Methods

Sample collection and DNA isolation
As with a previous analysis of mitochondrial DNA variation in ponderosa pine (Potter et al. 2013) , this study encompasses a total of 3113 trees across the species range, representing 104 populations (Table 1, Fig. 1 ). Where possible, the sampling was limited to mature trees that were at least 100 m apart. The focus of the study was on trees located in populations that were established with natural regeneration before 1900 and with no evidence of reforestation activities through the sample collection date. A branch tip 7.6-12.7 cm in length and containing a dormant terminal bud and healthy needles attached to the stem was collected from each tree. Samples were kept cool on frozen gel packs until shipped to the National Forest Genetics Laboratory (NFGEL) in Placerville, California for DNA extraction. Genomic DNA for all samples was extracted from needles for the microsatellite analysis using the DNEasy 96 Plant Kit (Qiagen, Chatsworth, California, USA). DNA concentrations were determined using a Gemini XPS Microplate Spectrofluorometer (Molecular Devices, Sunnyvale, California, USA) with PicoGreen dsReagent (Invitrogen, Carlsbad, California, USA). Dormant terminal bud tissue from each branch tip was used for the isozyme analysis.
All but four populations encompassed at least 25 trees, enough to accurately estimate allele frequencies in a microsatellite analysis (Hale et al. 2012) . Two populations incorporated fewer than 20 samples; one of these (Grass Creek, #75), contained only ten mature trees, all included in the study. The second was Saguaro National Park (#66), where sampling was halted because of dangerous weather conditions. The study includes the two oldest known living ponderosa pines, located in the Wah Wah Mountains of western Utah (#52); the oldest tree is estimated to be 930 years old (Kitchen 2010) . The racial assignment of each population ( Table 1 ) generally follows that of Conkle and Critchfield (1988) , who proposed two main races within var. ponderosa and two within var. scopulorum. (See Potter et al. 2013 for general distributions of the races.) To avoid confusion between varietal common names (Pacific for var. ponderosa and Rocky Mountain for var. scopulorum) and the racial designations of Conkle and Critchfield (1988) , we label the main var. ponderosa races as Pacific Coast and North Plateau, and the var. scopulorum races as Northern Rocky Mountain and Southwestern. Additionally, we treat Washoe pine as a race within var. ponderosa, although this is commonly treated as a separate species (Pinus washoensis H.L. Mason & Stockw.). The Babbit Peak (#16) and Mount Rose (#17) populations consist of stands identified by Critchfield and Little (1966) as being Washoe pine, but appear to include trees with P. ponderosa-like morphology (Rehfeldt 1999b) . Two other populations (Saguaro National Park, #66, and Whitetail Trail, #71) are located within the range of Pinus arizonica Engelm., but do not co-occur with that species. P. arizonica was formerly considered a variety of ponderosa pine, but has important morphological differences (Peloquin 1984; Perry 1991; Rehfeldt 1999a ) that have elevated its status in most taxonomic treatments of North American pines. Populations were classified as isolated disjuncts if they are located more than 25 km from the nearest distributional area greater than 1000 km 2 , as defined by Little (1971) . The control group for the genetic analyses consisted of ten Coulter pines (Pinus coulteri D. Don), collected from a provenance trial at the Institute of Forest Genetics in Placerville, California. Coulter pine appears to fall into a clade closely related to ponderosa pine and its nearest relatives (Willyard et al. 2009 ).
Microsatellite analysis
To select a set of microsatellite markers for this study, we evaluated 38 microsatellite primer pairs at NFGEL for usefulness in assessing ponderosa pine genetic variation and structure. Of these, 32 were developed from Pinus taeda L. (Liewlaksaneeyanawin et al. 2004) , and six were developed from Pinus contorta Doug. (Lesser et al. 2012) . Each primer set was screened across a set of 30 samples from throughout the ponderosa pine distribution (two from each of 15 populations). We identified a final set of seven loci that yielded polymorphic and consistently amplified fragments (Table 2) . Two P. contorta primer pairs were described by Lesser et al. (2012) , while the remaining five primer pairs were described by Elsik et al. (2000) and Elsik and Williams (2001) , and were found by Liewlaksaneeyanawin et al. (2004) to demonstrate crossspecific amplification and polymorphism in hard-pine species other than P. taeda. The data for these seven nuclear microsatellite loci were generated across the 3113 ponderosa pine and ten Coulter pine samples. PCR amplification for locus PtTX2146 was achieved in 10 μl reaction volumes and A touchdown cycling program, used for all loci, consisted of an activation step (94°C for 15 min) followed first by 4 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min, and then four more cycles using a lower annealing temperature of 57°C. A final set of 30 cycles were conducted using 30 s denaturation at 94°C, 30 s annealing at 55°C, and 1 min extension at 72°C. A final extension at 72°C was included for 7 min. Each forward primer was labeled with a fluorescent tag for visualization on an ABI Prism 3130xl capillary electrophoresis system (Applied Biosystems, Foster City, CA) following a 1:50 dilution of amplification product. Peaks were sized and binned, and then alleles were called using GeneMarker 1.95 (SoftGenetics, State College, PA), with GeneScan-500 ROX as an internal size standard for each sample. Visual checks were also performed on all electrophoresis products.
Isozyme analysis
Approximately 50 mg of dormant vegetative bud tissue per tree was submerged in each of three microtiter plate wells containing 150 μl of a 0.1 M Tris-HCl (pH 8.0) extraction buffer, with 10 % (w/v) polyvinylpyrrolidone-40, 10 % sucrose, 0.17 % EDTA (Na2 salt), 0.15 % dithiothreitol, 0.02 % ascorbic acid, 0.10 % bovine albumin, 0.05 % NAD, 0.035 % NADP, and 0.005 % pyridoxal-5-phosphate (United States Department of Agriculture Forest Service 2012; Pitel and Cheliak 1984) . Samples were frozen at −70°C. On the day of electrophoresis, samples were thawed and ground, and the extracts were absorbed onto 3-mm-wide wicks prepared from Whatman 3MM chromatography paper. The methods of sample preparation and electrophoresis follow the general methodology of Conkle et al. (1982) , with some modifications (United States Department of Agriculture Forest Service 2012). All enzymes were resolved on 11 % starch gels. A lithium borate electrode buffer (pH 8.3) was used with a Tris citrate gel buffer (pH 8.3) (Conkle et al. 1982 ) to resolve alcohol dehydrogenase (ADH), leucine aminopeptidase (LAP), phosphoglucomutase (PGM), and phosphoglucose isomerase (PGI). A sodium borate electrode buffer (pH 8.0) was used with a Tris citrate gel buffer (pH 8.8) (Conkle et al. 1982) to resolve glutamate-oxaloacetate transaminase (GOT), catalase (CAT), superoxide dismutase (SOD), and uridine diphosphoglucose pyrophosphorylase (UGPP). A morpholine citrate electrode and gel buffer (pH 6.1) (United States Department of Agriculture F o r e s t S e r v i c e 2 0 1 2 ) w e r e u s e d t o r e s o l v e phosphogluconate dehydrogenase (6PGD) and malate dehydrogenase (MDH), and a pH 8.0 morpholine citrate electrode and gel buffer were used to resolve isocitrate dehydrogenase (IDH) and shikimate dehydrogenase (SKD). Enzyme stain recipes follow USDA Forest Service (2012). For quality control, 12 % of individuals were run and scored twice. Gels were photographed for future reference. Fig. 1 The proportion, within each ponderosa pine population, of inferred ancestry from the genetic clusters inferred using Structure 2.3.3 (Pritchard et al. 2000) , for a two genetic clusters and b nine genetic clusters. The distribution of Pinus ponderosa var. ponderosa is represented in cross-hatched blue, and the distribution of Pinus ponderosa var. scopulorum in single-hatched orange. See Table 1 for population information. Population-level proportions of four and five genetic clusters are shown in Online Resource 2
Statistical analyses
Bayesian assignment tests
To infer the number and composition genetic clusters of ponderosa pine, we used STRUCTURE 2.3.3 (Pritchard et al. 2000) to conduct an admixture analysis of the microsatellite data, assuming uncorrelated allele frequencies, with 20, 000 burn-in replicates and 70,000 total sweeps. We ran the model 20 times for each possible maximum number of clusters (K) from 1 to 12. The ΔK statistic of Evanno et al. (2005) revealed a dominant peak at K=2, with smaller peaks at K=3, 4, and 5, suggesting the possibility of substructure occurring within each of two strongly differentiated clusters (Evanno et al. 2005) . We exported the results to CLUMPP version 1.1.2 (Jakobsson and Rosenberg 2007) to generate an averaged Q matrix of individual posterior cluster probabilities for K=2, 4, 5, and 9, using the greedy algorithm and the G' pairwise matrix similarity statistic. We then calculated the proportion of overall genetic cluster presence probability for each population, based on the probability of cluster membership for individuals in the population. We displayed these population-level probability proportions in map form using ArcMap 9.2 (ESRI 2006). We then conducted further analyses based on the results of the K=2 and 9 clustering analyses, assigning each tree to the STRUCTURE-inferred genetic cluster to which it had the highest probability of belonging.
To visualize potential evolutionary relationships among the inferred genetic clusters, we constructed a neighbor-joining (NJ) (Saitou and Nei 1987) phylogram using the SEQBOOT, GENDIST, NEIGHBOR, and CONSENSE components of PHYLIP 3.6 (Felsenstein 2005). We adjusted for null allele frequencies by implementing the maximum likelihood estimator in ML-NullFreq (Kalinowski and Taper 2006) . The phylogram was computed from cluster allelic frequencies using chord genetic distance (D C ) (Cavalli-Sforza and Edwards 1967), which does not require assumptions about the model under which microsatellites mutate and is considered superior to most others in phylogenetic tree topology construction over short spans of evolutionary time (Takezaki and Nei 1996; Libiger et al. 2009 ). Confidence estimates associated with the topology of the NJ phylogram were determined with 1000 bootstrap replicates.
Genetic variation and differentiation analyses
Microsatellite and isozyme allele calls were used to conduct separate analyses of genetic variation across loci and at the population level, and to conduct analyses of genetic differentiation for the STRUCTURE-inferred clusters. We used FSTAT version 2.9.3.2 (Goudet 1995) to test for linkage disequilibrium between pairs of loci, based on 420 permutations and adjusted for multiple comparisons. We estimated null allele frequencies across the entire sample pool in FreeNA (Chapuis and Estoup 2007) , using the expectation maximization algorithm of Dempster et al. (1977) . We used GENEPOP 4.0.10 (Raymond and Rousset 1995) to conduct Fisher's exact tests for Hardy-Weinberg equilibrium for each locus and population, with 100 batches and 1000 iterations, then used the MULTTEST procedure in SAS 9.2 (SAS Institute Inc. 2008) to calculate q values (p values adjusted for the false discovery rate associated with multiple comparisons).
We used GenAlEx 6.41 (Peakall and Smouse 2006) to calculate mean number of alleles across loci (A), number of unique (private) alleles per population (A U ), mean number of locally common alleles that are globally rare across the range of the species (occurring in fewer than 25 % of populations)(A R ), proportion polymorphic loci (Pp), observed heterozygosity (H O ), and expected heterozygosity (H E ). The values of H E were used to calculate the effective number of alleles A E as 1/(1-H E ) (Jost 2008) . We used FSTAT to calculate Weir and Cockerham's (1984) within-population inbreeding coefficient (F IS ) values across loci and populations. We used FreeNA (Chapuis and Estoup 2007) to estimate amongpopulation F ST values and pairwise F ST values between the genetic clusters inferred in STRUCTURE, accounting for estimated microsatellite null frequencies. The significance of these values was based on 1000 bootstrap replicates. We also used FreeNA to calculate pairwise chord genetic distance (D C ) accounting for estimated null alleles. We calculated mean D C between each population and every other population as a measure of overall genetic distance. Finally, we used GENEPOP to estimate interpopulation gene flow (Nm) among all populations and among STRUCTURE-inferred genetic clusters under the private allele method (Barton and Slatkin 1986) , corrected for sample size.
Using the program SMOGD (Crawford 2010), we calculated per-locus estimates of Jost's D (Jost 2008) , D est , as a measure of genetic differentiation across all populations of ponderosa pine, and as a measure of differentiation between pairs of clusters. We calculated the arithmetic means of D est across the loci for ponderosa pine and calculated the 95 % confidence interval for this mean using the confidence intervals of each locus from 500 bootstrap replicates.
We used Bottleneck 1.2.02 (Piry et al. 1999 ) to assess whether ponderosa pine of any sampled populations or inferred genetic clusters had experienced recent population bottlenecks. We used a two-phase model (TPM) of microsatellite mutation with 95 % single-step mutations and 5 % multiplestep changes, and 12 % variance in multistep mutations. Significance of heterozygosity excess or deficiency was evaluated with a one-sided Wilcoxon sign-rank test using 5000 simulation iterations. We reported p values from tests of heterozygosity deficiency (H def ).
Using the UNIVARIATE procedure in SAS 9.2 (SAS Institute Inc. 2008), we calculated within-group population means for several genetic diversity metrics, to compare populations within the two ponderosa pine varieties, and populations that were and were not classified as isolated disjuncts. To test the null hypothesis that there was no significant difference between the means of each pair of groups, we conducted an exact two-sample Wilcoxon rank-sum test using the NPAR1WAY procedure in SAS, with 10,000 Monte Carlo runs generating p values, then employed the MULTTEST procedure to calculate q values. We used the CORR procedure in SAS 9.2 to test for Spearman correlations between the genetic variation metrics and population latitude and elevation, which have been found to be associated with genetic variation in ponderosa pine (Rehfeldt et al. 2014a) . To test for population isolation by distance (IBD), we conducted a Mantel test for correlations between matrices of pairwise interpopulation geographic distances and pairwise interpopulation D C genetic distances, using 9999 permutations in GenAlEx 6.4.
We also used GenAlEx 6.41 to conduct a three-tiered hierarchical analysis of molecular variance (AMOVA) (Excoffier et al. 1992; Huff et al. 1993) to determine the partitioning of diversity among populations, regions, and populations within regions. We conducted this analysis across the entire range with the Pacific and Rocky Mountain varieties treated as regions, and for each of the two varieties, with the races within the varieties treated as regions. The significance of the variance components was determined with 999 permutations.
Results
Species-level microsatellite and isozyme results
The seven microsatellite loci averaged 24.86 alleles per locus across the 3113 samples of ponderosa pine, ranging from 11 to 38 alleles at a single locus ( Table 2) . The isozyme analysis, meanwhile, detected a mean of 3.53 alleles across each of the 19 loci (Online Resource 1). No linkage disequilibrium was apparent between any pairs of microsatellite loci after adjusting the p value for multiple comparisons. The average estimated proportion of null alleles across loci was 0.091; whenever possible, analyses accounted for estimated null allele frequencies. Ponderosa pine exhibited moderate microsatellite expected heterozygosity (mean of 0.721 across loci), and exact tests for Hardy-Weinberg equilibrium indicated a significant deficit of heterozygotes for all but two loci. Observed heterozygosity was considerably lower than expected heterozygosity (mean 0.563) across most loci. Expected heterozygosity (0.121) was slightly higher than observed heterozygosity (0.102) across the isozyme loci, with all but one locus out of Hardy-Weinberg equilibrium with a significant deficit of heterozygotes. The significantly positive inbreeding coefficients (F IS ) of 0.096 for microsatellites (95 % confidence interval; 0.002-0.180) and 0.184 for isozymes (95 % confidence interval; 0.149-0.238) indicate a deficit of heterozygotes and the likely presence of inbreeding.
Estimates of among-population microsatellite and isozyme differentiation using F ST and D est differed considerably ( Table 2) . The F ST analysis estimated a moderately high amount of genetic differentiation among rather than within populations (F ST across loci=0.133, 95 % confidence interval; 0.099-0.173). D est , meanwhile, suggested greater genetic differentiation, with a mean across loci of 0.340 (95 % confidence interval; 0.331-0.349). For isozymes, D est was higher, with a mean across loci of 0.048 (95 % confidence interval; 0.045-0.051), compared to an F ST mean of 0.178 (95 % confidence interval; 0.113-0.243). Interpopulation gene flow (Nm) for the microsatellite data was estimated at 5.19 migrants per generation across all populations, 6.12 for Pacific populations, and 6.19 for Rocky Mountain populations. These were considerably higher than that of the 1.83, 1.37, and 4.61 Nm (Dempster et al. 1977) values derived from the isozymes, resulting potentially not only from gene flow, but also from the higher mutation rate of microsatellite alleles.
Bayesian cluster assignment
The STRUCTURE analysis revealed the possible existence of genetic substructuring in ponderosa pine. The presence of two genetic clusters was the most strongly supported possibility, but their further division into four, five and nine genetic clusters was also reasonably inferred. The division of the species into two genetic clusters corresponded closely with its division into two varieties (Fig. 1a) . The genetic composition of nearly all populations consisted almost entirely of the cluster associated with their variety. Only three populations (#61, 63, and 64) contained less than a majority of the genetic cluster associated with their variety, all located in the contact zone between the two varieties in western Montana. When STRUCTURE inferred four total genetic clusters, each variety was divided into a predominantly northern and southern cluster (Online Resource 2). When STRUCTURE inferred five clusters, the division of Pacific populations into two clusters was unchanged, while a new cluster was added in the southern and central regions of the Rocky Mountains (Online Resource 2). The inference of nine clusters divided the Pacific variety into four and the Rocky Mountain variety into five clusters (Fig. 1b) A consensus NJ phylogram of microsatellite D C genetic distance among the nine clusters showed high bootstrap support for grouping the five Rocky Mountain genetic clusters (Fig. 2a) . The clade of Rocky Mountain genetic clusters was nested within a cascade of Pacific clusters, beginning with the Pacific North cluster (76.6 % bootstrap support), followed by Pacific South 3 (40.1 %), Pacific South 1 (56.6 %), and Pacific South 2 (100 %). The consensus NJ phylogram based on the isozyme results, meanwhile, showed a more distinct division between the Rocky Mountain and Pacific genetic clusters (Fig. 2b) .
Pairwise comparisons of migration (Nm) between microsatellite genetic clusters suggested a high level of historical gene flow and/or recent common ancestry between some, but not all, pairs of clusters within ponderosa pine varieties (Table 3) . Estimated gene flow (and/or the likelihood of recent common ancestry) was generally small between clusters in different ponderosa pine varieties (mean pairwise Nm=2.48). Lower levels of gene flow (and/or likelihoods of recent common ancestry) were estimated among Pacific clusters (mean pairwise Nm=4.94) than among Rocky Mountain clusters (mean pairwise Nm=10.25). (Table 4 ) and higher percentages of polymorphic isozyme loci (Online Resource 3). All the genetic clusters were inbred for both microsatellites and isozymes, but the Pacific clusters generally exhibited higher microsatellite inbreeding. The Pacific North and Rocky Mountain South 3 clusters contained the most unique microsatellite alleles (Table 4) .
Population-level genetic variation and differentiation
Ponderosa pine populations averaged 7.37 microsatellite alleles per locus (A) and 2.56 effective alleles per locus (A E ) (Online Resource 4). In general, populations with the highest microsatellite allelic richness were located along the crest of the Rocky Mountains from Arizona to Montana and in the Sierra Nevada range in California (Fig. 3a) . Isozyme A, meanwhile, tended to be higher in northern California/southwestern Oregon, southern New Mexico/eastern Arizona, southern Nevada/southwestern Utah, and northern Colorado/northern Utah (Online Resource 5, Online Resource 6). The populations with the lowest microsatellite A (#29, 47, 55, and 75) and isozyme A (#10, 43, 69, and 75) were isolated disjuncts. With one exception, all populations had 100 % microsatellite loci polymorphism. The proportion of isozyme polymorphic loci (P P ) across populations was relatively small (0.47), with populations in an arc from northern California through western Montana tending to have higher polymorphism, along with populations scattered throughout the southern Rocky Mountains (Online Resource 6).
Populations containing unique microsatellite alleles tended to occur in southern Rocky Mountain populations (Online Resource 4, Fig. 3b ). Across populations, the mean number of locally common alleles that are globally rare (occurring in fewer than 25 % of populations) was 2.63. Nearly all populations with an average of 3.5 or more rare alleles per locus The mean microsatellite observed heterozygosity across ponderosa pine populations (0.561) was less than the mean expected heterozygosity (0.604) (Online Resource 4). Nearly all populations were significantly out of Hardy-Weinberg equilibrium. Widespread inbreeding within ponderosa pine was indicated by a positive mean F IS of 0.093 across the populations, and by the fact that nearly all populations had positive F IS values (Online Resource 4). The most highly inbred populations tended to be located in the northern parts of the Pacific variety (Fig. 3c) . The isozyme results were similar, with a positive mean F IS of 0.177 across the populations (Online Resource 5) and with highly inbred populations distributed across the species range (Online Resource 6).
The populations that were the most genetically distinct, based on microsatellite mean pairwise chord genetic distance (D C ) between that given population and the 103 others (Online Resource 4, Fig. 3d ), were isolated disjuncts (#34, 56, 63, and 66). The mean value of mean D C across populations was 0.452. For isozymes, the most genetically distinct populations tended to occur in the Sierra Nevada of California, in northern California/southern Oregon, western Montana, and scattered across the southern Rocky Mountains (Online Resource 6).
Ponderosa pine did not exhibit the excess of heterozygosity expected following a recent genetic bottleneck. Instead, we found significant heterozygosity deficiency (p=0.0017 for Karhu et al. 2006) . Many populations exhibited a significant heterozygosity deficiency for microsatellites or for isozymes (Online Resource 4 and 5). All nine STRUCTURE-inferred genetic clusters expressed significant heterozygosity deficiency for both microsatellites and isozymes (Table 4) .
Mantel tests revealed evidence of a moderate effect of isolation by distance across all populations for microsatellites (r=0.08, p=0.001), but found no statistical evidence for isozymes (r=0.017, p=0.266).
Group comparisons by variety and isolation
Most standard measures of genetic variation were significantly different between the two varieties (Table 5a ). On average, populations of the Rocky Mountain variety had greater microsatellite allelic richness, number of rare alleles, and observed heterozygosity, as well as higher isozyme allelic richness. On average, populations of the Pacific variety had higher microsatellite expected heterozygosity, inbreeding, and mean pairwise D C genetic distance. They also had a higher proportion of isozyme polymorphic loci, and greater isozyme observed heterozygosity, expected heterozygosity, and mean pairwise D C genetic distance.
We detected fewer genetic differences between isolated disjunct and non-disjunct populations (Table 5b ). The isolated disjunct populations had, on average, lower microsatellite and isozyme allelic richness and proportion of polymorphic isozyme loci. For both microsatellites and isozymes, the mean pairwise D C genetic distance was greater for the disjunct populations.
Correlations with geographic variables
Overall, this geographic assessment indicated small to moderate linear relationships between population-level genetic variation metrics and geographic variables (Table 6 ). We found a moderate negative relationship between latitude and the number of microsatellite unique alleles and of rare alleles, indicating that populations located farther north had fewer unique and rare alleles. Population elevation was positively associated with allelic richness and number of rare alleles. No isozyme genetic diversity measures were correlated with latitude, but consistent with the microsatellite results, populations at higher elevations had a greater number of rare isozyme alleles. Elevation, however, was negatively correlated with isozyme expected heterozygosity.
We detected fewer significant correlations within the two varieties of ponderosa pine (Online Resource 7). Within the Pacific variety, latitude was correlated negatively with the number of microsatellite rare alleles. Within the Rocky Mountain variety, latitude was negatively correlated with unique microsatellite alleles and isozyme mean pairwise D C distance. Elevation was positively correlated with rare isozyme alleles.
Partitioning of genetic variation within regions and races
The results of the AMOVA of microsatellite variation demonstrated that approximately 30 % of the variation was partitioned among populations (Φ PT =0.297): 21.8 % associated with division of the species into two varieties and 7.9 % associated with populations within the varieties (Table 7) . The remaining 70 % occurred within populations. This was less than the amount of among-population variance within each variety (Φ PT =0.1 for var. ponderosa and Φ PT =0.116 for var. scopulorum), indicating that approximately 90 % of the microsatellite genetic variation within the varieties occurred within populations rather than among them. The isozyme results were similar, with about 35 % of species-level variation partitioned among populations (Φ PT =0.345) rather than within them (Online Resource 8). Within varieties, a greater proportion of variation was partitioned within populations (about 75 %) than among them (about 25 %). These results are largely consistent with F ST and D est estimates of among-population differentiation (Table 2, Online Resource 1). While the STRU CTURE analyses (Fig. 1, Online Resource 2) suggest the existence of important variation within the two varieties, the relatively small proportion of variance assigned by the AMOVA analyses to pre-defined races (with the exception of isozyme variation in var. ponderosa) demonstrates that these racial divisions do not capture this variation well.
Discussion
Implications for phylogeography Patterns of nuclear marker variation across the range of the ponderosa pine complex provide evidence of relatively recent evolutionary processes within and across the species. Specifically, these results reveal genetic signatures of Pleistocene glacial refuges and post-Pleistocene colonization and population expansion, including spatial patterns of diversity and genetic structure associated with putative refugial areas and colonization routes. They also suggest that isolated populations are less genetically diverse and more genetically differentiated than populations that are not isolated. Such findings have important management and conservation implications for this widespread species of great ecological and economic value in western North America.
Large-scale migration and admixture of distinct gene pools within species may result from complex spatiotemporal processes within species (Durand et al. 2009 ), such as the responses to the Quaternary ice ages that played an especially important role in determining the current genetic structure of species and populations (Hewitt 2000) . During the Pleistocene, however, ponderosa pine is almost entirely absent from the paleoecological record in the west with the exceptions of the Santa Catalina Mountains of southern Arizona and the southern Sierra Nevada in California (Anderson 1989; MacDonald et al. 1998; Van Devender et al. 1987; Van Devender 1990; Anderson 1990 ), a situation which obscures phylogeographic processes likely to have influenced the evolutionary history of the complex. Because of this dearth of Pleistocene paleoecological data, the locations of ponderosa pine refugia during this period are a matter of debate. The species may have been an important part of montane forest communities south of 35°N during the peak of the glaciation, being most common in the Sierra Madre Occidental of northern Mexico . At the same time, it is also possible ponderosa pine persisted in isolated mesic microhabitats farther north than southern New Mexico and Arizona, although no fossil data currently support this hypothesis (Anderson 1989; Rehfeldt 1999a) . Patterns of genetic diversity across the range of the species, along with the current geographic distribution of genetic clusters, may support the hypothesis that ponderosa pine expanded at the end of the Pleistocene from small, as-yet-undetected glacial refugia beyond the known refugial areas of southern Arizona/New Mexico and the southern Sierra Nevada in California. First, several of the genetic clusters are prevalent only outside of these areas. The Rocky Mountain South 3 genetic cluster, for example, appears most closely associated with the isolated populations of southern Nevada, while the Rocky Mountain North 1 genetic cluster is rare south of Colorado (Fig. 1b) . The distribution of mitochondrial DNA haplotypes has provided circumstantial evidence of refugia near these areas (the Great Basin and the High Plains, respectively) (Potter et al. 2013) , while paleoecological evidence establishes the existence of ponderosa pine in northwestern Wyoming (in an area where it no longer occurs) during a warm interglacial period approximately 127,000 years BP (Baker 1986) . Given that the Pleistocene was punctuated by multiple short Holocene-like interglacial periods (Porter 1989) , it is possible that ponderosa pine repeatedly retreated to and advanced from isolated favorable microhabitats. Possible locations of these habitats during the most recent glacial maximum (and, conversely, the locations of areas that were colonized later) could be identified by patterns of genetic variation in current populations across the distribution of ponderosa pine. Locations closer to Pleistocene refugia are expected to have greater genetic variation than those colonized later (Hewitt 1996) . Microsatellite and isozyme allelic richness (Fig. 3a , Online Resource 6) and isozyme percent polymorphic loci were high in southern Arizona/New Mexico, southern Nevada/Utah, north-central Colorado, northern California/southern Oregon, and central Montana. All these regions also contained at least one unique microsatellite allele (Fig. 3b) . Results from a separate mtDNA marker analyses identified all these locations, with the exception of central Montana, as areas that may have harbored glacial refugia (Potter et al. 2013) .
Importantly, the results of the STRUCTURE (Fig. 1) , clustering (Fig. 2) , and genetic variation (Table 5a ) analyses appear to demonstrate that the two varieties of ponderosa pine are strongly divided and that they have undergone dissimilar phylogeographic processes. These findings imply that the species consisted of at least two largely unconnected refugia, or groups of refugia, associated with the two varieties, which may have been isolated well before the most recent glacial maximum 18,000 years BP; Lascoux et al. (2004) , in fact, estimated that the ponderosa pine varieties have been separated for more than 10,000 generations or 250,000 years. Multiple refugia within each variety are likely to have experienced dissimilar degrees of Pleistocene isolation, leading to varying degrees of genetic differentiation. Genetic clusters with less inferred genetic exchange with others in the same variety, for example, may be associated with more isolated refugia in the Pleistocene. Examples include the Pacific South 3 and Rocky Mountain South 3 genetic clusters (Table 3, Fig. 1a) .
Additionally, the significantly lower genetic variation and significantly higher inbreeding within the Pacific variety suggests that the Pleistocene crucible may have been more intense there, potentially in the form of fewer and smaller refugia. Fossil evidence clearly shows that ponderosa pine was present in the southern Sierra Nevada as far back as 45,000 years BP (Cole 1983; Anderson 1990) . The results of the current study are consistent with the recent mtDNA haplotype analysis (Potter et al. 2013 ) in pointing to the Siskiyou and Klamath mountain ranges in northern California and southern Oregon as an additional potential refugial location for Pacific ponderosa pine. These ranges, colloquially known as the BKlamath Knot^, were not widely impacted by widespread glaciation and contain extensive floristic diversity (Sawyer 2007) . Additionally, pumice fall from volcanic activity in the eastern Cascades, potentially associated with the eruption of Mount Mazama approximately 5700 years ago, appears to have resulted in the reduction in Oregon of ponderosa pine in favor of lodgepole pine, which was in turn replaced again by ponderosa pine over time (Hansen 1942 (Hansen , 1947 .
Patterns of within-population genetic variation
This study identified widespread inbreeding across the range of ponderosa pine, across the species, its genetic clusters, and most of its populations. This pattern is consistent with a signature of long-distance colonization events and subsequent genetic bottlenecks occurring during post-glacial range expansion (Hewitt 1996; Ibrahim et al. 1996; Bialozyt et al. 2006 ). While we did not detect the signature of a recent genetic bottleneck for ponderosa pine or any of its populations, we did find indications, for the entire species and for most of its populations, of a relatively recent range-wide population expansion that may have followed such an event. This is consistent with the fact that, despite being virtually absent from the preceding paleoecological record, ponderosa pine was widespread across the Southwest by 10,000 to 9000 years BP (Anderson et al. 1999; Van Devender and Spaulding 1979; Van Devender et al. 1987; Anderson 1989; Betancourt 1990) and across nearly all of its current distribution by 3000 to 8000 years ago (Conkle and Critchfield 1988) , a rapid expansion that is one of the most remarkable Holocene dispersal events of a western North American conifer (Van Devender et al. 1984) .
Somewhat surprisingly, the isolated disjunct populations included in the analysis were not more inbred than those that were not isolated and disjunct (Table 5b) . Much of the distribution of the species consists of such populations, many of which are located in at higher elevations than their surroundings. Loss of genetic diversity in small and isolated populations of tree species is often associated with genetic drift and inbreeding (Jaramillo-Correa et al. 2009) , and is predicted to reduce overall population fitness (Reed and Frankham 2003) and the capacity of populations to adapt to environmental change (Willi et al. 2006) . At the same time, marginal ponderosa pine populations appear to encompass significantly lower levels of both microsatellite and isozyme allelic richness, as well as isozyme polymorphism, than interior-range populations, while the populations with the lowest values for several microsatellite genetic diversity statistics were isolated disjuncts. Additionally, pairwise isozyme-related population differentiation was higher for isolated populations, and the most genetically distinct populations were disjuncts. Both sets of findings are consistent with the prediction that withinpopulation genetic diversity should decline and amongpopulation genetic differentiation should increase from the center of a species' geographic range to its periphery (Eckert et al. 2008) . We detected no significant difference, however, in microsatellite or isozyme heterozygosity between isolated disjunct and interior-range populations. This may be the result of a mosaic pattern of seedling recruitment, in which only a few maternal trees contribute to each localized patch of seedlings, increasing overall heterozygosity within isolated populations (Hamrick et al. 1989 ).
Implications for Pinus ponderosa taxonomy
The taxonomy of the ponderosa pine complex (reviewed in Callaham 2013a) is far from resolved (Kral 1993) in no small part because of conflicting geographic patterns of needle and cone morphology, growth traits, monoterpene content, and isozyme content (reviewed in Conkle and Critchfield 1988) , as well as DNA sequence variation (Gernandt et al. 2009 ). The results of the STRUCTURE (Fig. 1a) , NJ phylogram construction (Fig. 2) , and ANOVA (Table 7 , Online Resource 8) analyses in the current study are consistent with the previous studies (Conkle and Critchfield 1988; Potter et al. 2013 ) that separate the species into two varieties, Pacific (var. ponderosa) and Rocky Mountain (var. scopulorum). The geographic pattern of STRUCTURE-defined genetic clusters in the current study (when K=4 and 5) may support the additional division of the two varieties into northern and southern races (Online Resource 2), each possibly associated with different Pleistocene glacial refugia. At the same time, the AMOVA analyses confirm that previously proposed racial divisions (e.g., Critchfield 1988 and Callaham 2013b) do not explain much of the genetic variation occurring within each of the two varieties, while the phylograms based on microsatellite and isozyme differences between STRU CTURE-defined genetic clusters do not suggest clear racial divisions within the varieties. Patterns of pairwise genetic differentiation between genetic clusters (Table 3) further underscore the widespread recent gene flow (and/or recent common ancestry) among genetic clusters within varieties, but the general lack of gene flow (or recent common ancestry) between the Pacific and Rocky Mountain varieties.
Three populations in central Montana (#61, 63, and 64) are exceptions to this rule; though they exist in the range of Rocky Mountain ponderosa pine, they primarily consist of gene pools associated with Pacific ponderosa pine (Fig. 1) . This demonstrates the existence of west-to-east introgression in this unique area of secondary contact between the varieties. This was corroborated by the fact that trees sampled from these three populations had almost entirely three-needle fascicles, like all var. ponderosa populations but unlike other var. scopulorum populations in the area. In these other local populations, trees had an average of at least 40 % two-needle fascicles. This pattern of west-to-east introgression, however, was not observed in this area using a mitochondrial DNA marker (Potter et al. 2013; Johansen and Latta 2003) . Because mtDNA is maternally inherited in most pine species (Neale and Sederoff 1989; Dong and Wagner 1994) and therefore generally dispersed by relatively short-distance seed movement in ponderosa pine (Latta et al. 1998) , although longer-distance seed movement has been documented via caching by birds (Lorenz et al. 2008) , our findings indicate the existence of at least some contemporary gene flow via wind-dispersed pollen from the Pacific to the Rocky Mountain variety, consistent with the previous findings in the area (Latta and Mitton 1999) .
Finally, in keeping with several other analyses (Rehfeldt 1999b; Brayshaw 1997; Lauria 1997; Gernandt et al. 2009; Willyard et al. 2009; Potter et al. 2013) , the results of this study do not support separate taxonomic status for Washoe pine, a small-coned form of ponderosa pine identified in a handful of high-elevation locations in northeastern California and northwestern Nevada (Critchfield and Allenbaugh 1965; Critchfield 1984 ). It has been described as a separate species (P. washoensis H.L. Mason & Stockw.) and proposed as a variety of ponderosa pine (P. ponderosa var. washoensis (H.L. Mason & Stockw.) J.R. Haller and N.J. Vivrette). The two Washoe pine populations in this study (#17 and 18) possess the same genetic cluster composition as other Pacific ponderosa pine populations, although with a higher proportion of the genetic cluster that predominates farther north (Fig. 1, Online Resource 2) . This supports the hypothesis that Washoe pine is closely related to the race of ponderosa pine described in the Pacific Northwest (Niebling and Conkle 1990; Critchfield 1984; Rehfeldt 1999b) .
Gene conservation implications
In addition to offering insights into the recent evolutionary history of and the taxonomic relationships within the ponderosa pine complex, the results of this range-wide nuclear molecular marker study should be applicable for decisionmaking and landscape conservation planning for this widespread and ecologically and economically important tree species. Genetic diversity is an essential component of long-term forest health because it provides a basis for adaptation and resilience to environmental stress and change (Schaberg et al. 2008) . In this context, an important goal will be to maintain ponderosa pine genetic material with broad adaptability and high levels of genetic diversity, both on the landscape (in situ) and off-site (ex situ, e.g., seed and pollen banks and clone banks) to be available for the eventual restoration of degraded or extirpated populations.
The results from this study underscore the degree of evolutionary divergence between the two varieties. From a management and conservation perspective, the two varieties therefore should be treated differently in planning and site-based prescriptions when they co-occur within an administrative region. Additionally, it is important to consider the varieties separately in climate-change-associated biogeographic modeling and ecological forecasting (Norris et al. 2006; Rehfeldt et al. 2014b ). An analysis of an ensemble of 17 global climate models, for the RCP60 medium-high emissions scenario, indicates that the Rocky Mountain variety should be more vulnerable to climate change, with half its niche space eliminated by 2060, while losses in niche space for the Pacific variety should be mostly balanced by gains (Rehfeldt et al. 2014b ). When overlaid with projections for the CGCM3 global circulation model, A2 emissions scenario (Crookston et al. 2010) , 23 of the Rocky Mountain populations included in this analysis are predicted to exist outside currently suitable environmental conditions for ponderosa pine in 2060, compared to 13 Pacific populations (Fig. 4) . This increases to 38 and 14 populations, respectively, by 2090 (Online Resource 9); these include many populations, particularly in the Southwest and northern Rockies, that encompass unique alleles, low levels of inbreeding, and/or rare gene pools. As a result, the Rocky Mountain variety should receive more emphasis on climate-change-related management and mitigation activities, although areas within the Pacific variety distribution also deserve attention, including northern Idaho (Fig. 4b) . A large portion of the area occupied by the Pacific variety should remain suitable for future climatic conditions, but a much larger proportion of the Rocky Mountain variety may require either introduction of better suited species or conversion to better-adapted genotypes (Rehfeldt et al. 2014c) . Artificial reforestation may be required for introductions of ponderosa pine to emergent habitat, for conversion of maladapted forests to productive forests, and for meeting conservation objectives.
Separate gene conservation efforts within the two ponderosa pine varieties should focus on areas containing high genetic variation, including allelic richness and heterozygosity; possessing unique alleles; and encompassing multiple and/or rare gene pools. Within the Pacific variety, this primarily includes areas in northern California/southern Oregon, the central Sierra Nevada, and northeastern Oregon. Across most of the Rocky Mountain variety, microsatellite allelic richness is high, particularly in the Southwest and throughout the Rocky Mountains. Other measures of genetic diversity, however, appear to suggest that gene conservation activities may be most warranted in southern Nevada/ southwestern Utah, southern Arizona and New Mexico, northern Colorado/northern Utah, and southern Colorado. Additionally, the area of contact between the two varieties in central Montana may also deserve attention, as some degree of admixture appears to have occurred here, with the potential for the creation of novel gene combinations in the region. Finally, ponderosa pine gene conservation efforts should incorporate representation of peripheral populations, given that they contain significantly lower allelic richness and greater genetic differentiation than core range populations. These populations may be among the most at risk as a result of climate change because individuals in such small and isolated populations can be less fit as a result of environmental stress and inbreeding, which can increase the probability of population extirpation under changing environmental conditions (Willi et al. 2006 ).
Data Archiving Statement Microsatellite and isozyme genotypes at all loci for all samples, as well as population names and coordinates, are archived at TreeGenes (http://dendrome.ucdavis.edu/treegenes/) as TGDR035. (Crookston et al. 2010) , overlaid with the locations of the populations included in the current study. The color of the bioclimate profile is associated with the proportion of votes received by a pixel in favor of being within the bioclimate profile
